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ABSTRACT

This paper reports a 30 nm-thick integrated nano-electro-mechanical resonator based on atomically engineered ferroelectric hafnium zirco-
nium oxide (Hfy 5Zr( 50,) film. A 10 nm-thick Hf, 5Zr, 50, layer is atomically engineered through capping with 10 nm-thick titanium nitride
(TiN) layer and rapid thermal annealing to promote the orthorhombic crystal phase with strong ferroelectric properties. The resulting metal-
ferroelectric-metal (MFM) membrane is then patterned to create an integrated nano-electro-mechanical resonator with an overall thickness
of 30 nm and a planar-to-vertical aspect ratio exceeding 10*1. Benefiting from large electrostrictive effects in ferroelectric Hfy sZr( 50,, the
30 nm-thick nanomechanical resonator is excited into flexural resonance at 195kHz with a very large vibration amplitude of ~100 nm. The
transmission response of the nano-electro-mechanical resonator is extracted, using a two-port apodization of the TiN electrodes, showing
quality factors (Q) of 15 and 3300 at atmospheric and 10”7 Torr ambient pressures, respectively. Finally, the structural robustness of the
MFM nano-membrane is explored through the application of a ~24 pum deflection, using a point-force by a micro-probe, highlighting the
extended elasticity despite the small thickness and ultra-high aspect ratio. The atomic-level thickness, fully integrated operation, high Q, and
structural robustness of the Hf, 5Zr, s0,-based nano-membrane resonator promise its potential for the realization of highly integrated trans-

ducers for chip-scale classical and quantum information processing and sensing applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134856

Harnessing high quality-factor (Q) mechanical resonance at the
nanoscale enables the realization of ultra-high-resolution sensors and
actuators and extreme frequency scaling of radio frequency oscillators
and spectral processors. Offering Qs that are several orders of magni-
tude higher than its electrical counterparts and frequencies that only
increase with their physical miniaturization, nanomechanical resona-
tors offer a transforming solution to the emerging need for cm- and
mm-wave spectral processing in wireless systems.' ~ Furthermore, the
vanishingly small dimensions of the nanomechanical resonator enable
a physical interaction with the external world at the atomic level."
This, besides the high-Q frequency selection that enables inherent
cooling of the background noise, places nanomechanical resonators in
a prominent position for the realization of ultra-high-resolution trans-
ducers for classical and quantum sensing applications.”*

Over the past decade, the creation of resonant nanomechanical
devices has been followed through the use of various nano-structures
including silicon cantilever nano-beams, atomically thin two-
dimensional crystals, and carbon nanotubes.” ” These approaches have
exploited geometrical and material engineering of the nano-structure to
ensure the existence of a high-Q natural mechanical resonance at a
desirable frequency. The resulting high-Q mechanical resonance has

been measured using a variety of approaches such as thermal excitation,
optical interrogation, and magnetic/hall-effect transduction.” "' While
successful in harnessing the dynamics of high-frequency and high-Q
mechanical resonance, these transduction approaches commonly suf-
fered from the incompatibility for chip-scale/monolithic integration
necessary for practical applications.

Atomic-layered hafnia-based films have recently emerged as
potential candidates for the realization of integrated electromechanical
transduction at the nanoscale.” Since the discovery of ferroelectric
properties in atomically engineered hafnia in 2011, a wide spectrum of
research and development efforts have been focused on exploiting
hafnia-based films for the realization of ultra-low-power non-volatile
memories and field-effect transistors.' "

Recently, electrostrictive electromechanical transduction has
been demonstrated in atomic-layered ferroelectric hafnium zirconium
oxide (Hfy5Zrys0,) films and used for the integrated excitation of
mechanical resonance in silicon (Si) and aluminum nitride (AIN)
membranes. ' In these works, thick Si and AIN layers are used to
enhance the structural robustness of the device and alleviate the chal-
lenges with nanomechanical resonator fabrication. However, the addi-
tion of thick Si/AIN layers substantially reduces the inherent figures of
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merits of the atomically thin Hf; 5Zr, 50, transducers by loading the
electromechanical coupling efficiency of the transduction and prevent-
ing the extreme frequency scaling of the resonator due to the inverse
proportionality of the resonance frequency of the bulk acoustic mode
with the overall resonator thickness.

This Letter demonstrates an atomically thin nanomechanical reso-
nator that is realized entirely from the Hf;5Zr,50, transducer and
without the use of any thick structural layer. Such an architecture sub-
stantially enhances the electromechanical coupling of the resonator and
enables fully integrated electrical excitation and readout of the mechan-
ical resonance dynamics, without the need for optical interrogation.
Furthermore, the resonators presented in this work enable the evalua-
tion of electromechanical dissipation mechanisms in Hfy5Zr 50,
transducers through the exploration of the nanomechanical resonator
Q. This study will serve toward the identification of the fundamental
limitations in adoption of Hfy5Zr,50,-based nanomechanical resona-
tors in integrated oscillators, filters, and resonant sensors.

The Hfy57ry50,-based metal-ferroelectric-metal (MFM) mem-
brane resonators are created by sandwiching a 10 nm-thick Hfy sZr; 5O,
transducer film between two 10 nm-thick titanium nitride (TiN) electro-
des. A two-port doubly clamped 195kHz resonator with a planar-to-
vertical aspect ratio exceeding 10*1 and a vibration amplitude of
~100nm is demonstrated with a large Q of 3300, when measured at
10~ 7 Torr ambient pressure. Electrical and optical characterization tech-
niques are used to demonstrate the frequency response, vibrational
mode of operation, and ferroelectric behavior of the device.

Ultrathin Hf} 5Zr, 50, films grown by atomic layer deposition
(ALD) are amorphous in nature due to the low thermal budget of the
growth process. However, the film is deliberately driven into crystal-
linity with TiN capping electrodes and rapid thermal annealing
(RTA) to achieve a predominant non-centrosymmetric orthorhom-
bic phase that exhibits a strong ferroelectricity.'” Figure 1 shows the
cross-sectional transmission electron microscopy (XTEM) image of
the MEM stack and the ferroelectric response of the transducer.
Figure 1(b) highlights the predominant orthorhombic crystal phase
in a polycrystalline Hf sZr, 50, film through fast Fourier transform
(FFT). Figure 1(c) confirms the ferroelectric nature of the film
through the polarization-electric field (P-E) hysteresis curve. A rem-
nant polarization (P,) of ~15 uClem? is observed for the 10nm
Hfy 521050, film. The fabrication process for the realization of the
30 nm-thick membrane resonator is summarized in the supplementary
material.

P= 15uC/cm? |

-3 -2 -1 [ 1 - 3 a
Electric Field (MV/cm)

FIG. 1. (a) XTEM image of the resonator stack-TiN/Hfy 5Zro50/TiN on top of SiO,.
(b) Zoomed-in view of the ferroelectric Hfy 5Zrq 50, film showing the atomic diffrac-
tion patterns of the polycrystalline film. The inset shows the FFT of the region
highlighted, demonstrating a predominant orthorhombic crystal phase. (c)
Measured polarization-electric field hysteresis response of the Hfy 52rq 50, film act-
ing as a transducer for the resonator shows a remnant polarization of ~15 uClcm?.
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Surface losses are a major source of energy dissipation in nano-
electro-mechanical resonators, and thus, imperfect thin films with sur-
face defects play a major role in degrading the resonator performance.'®
Thus, all films are grown via ALD to achieve good uniformity, minimal
surface roughness and defects, and thickness-precision required for the
resonator design. Figure 2 shows the scanning electron microscopy
(SEM) image of the doubly clamped nano-electro-mechanical resona-
tor. With a length of ~500 um and a thickness ~30nm, the robust
mechanical properties of the MEM membrane are evident as the pla-
nar-to-vertical aspect ratio exceeds over 10*:1. Patterning the top and
bottom TiN layers causes the device to warp down at the edges due to
the unsymmetrical stack at the top and bottom surfaces, as shown in
Fig. 2(a). A bending test performed by applying a point force using a
micro-probe in the center of the device is demonstrated in the ion-
beam image shown in Fig. 2(b) (Multimedia view). An out-of-plane
vertical deflection of ~24 um is sustained by the device without altering
the device performance, indicating the structural robustness of the
Hfy5Zry 50, based MFM nano-electro-mechanical resonator. As the
micro-probe continues to deflect the resonator in the out-of-plane
direction, the device bends in the opposite direction compared to the
equilibrium state shown in Fig. 2(a) before it ruptures as the deflection
goes beyond ~26 um. This huge deflection highlights the extended
elasticity of the MEM stack despite the nanoscale thickness and ultra-
high aspect ratio of the doubly clamped resonator. Figure 3 shows the
out-of-plane flexural mode of vibration of the nano-electro-mechanical
resonator captured using holographic microscopy and demonstrated
using a vibration amplitude contour map [Fig. 3(a)] and a profile plot
across the device length [Fig. 3(b)]. The captured mode-shape shows
out-of-plane vibration amplitude as high as ~100nm (10 X the
Hfj 5Zr, 50, film thickness) while operating in the linear regime verify-
ing the robust elastic performance of the MFM resonator.

Apart from robust structural characteristics, the Hfy5Zry50,
based MFM resonator shows promising performance metrics such as
high-Q and fully integrated electromechanical excitation and readout.
The MFM resonator is characterized, using optical and electrical RF
characterization setups, to identify the vibration dynamics in time and

Unreleased Device ( )

Hfy 52ro 50, / TiN / Si0, Micro-probe

Patterned
bottom TiN

Patterned top TiN

ilicon undercut

30n i -
clamped resonator (b)

FIG. 2. (a) SEM image of the doubly clamped resonator based on TiN/Hfy 5Zro 50,/
TiN with an aspect ratio exceeding 10%1. The device with such a high aspect ratio
warps due to the unsymmetrical nature of the stack. The inset (top left) shows the
unreleased device. Bottom TiN is patterned to avoid TiN undercut during the
release as discussed in the supplementary material. The inset (bottom right) shows
the zoomed-in view of the central electrode region with patterned top TiN. (b) lon-
beam image of the device bent by ~24 um via applying a point-force using a
micro-probe signifying the mechanical robustness of the device. Multimedia view:
https://doi.org/10.1063/1.5134856.1
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FIG. 3. (a) Contour map of the vibrational amplitude of the entire device captured
using holographic microscopy. The device is shown in the central region with the
color gradients demonstrating vibration amplitude across the device. Regions with
no vibrational response are resolved in darker shades in the contour map. (b) The
profile plot of the vibrating device shown underneath the contour map confirms the
out-of-plane flexural mode of vibration. The red curve shows the fitted mode-shape
profile of the device.

frequency domains over a wide range of ambient pressures. Figure 4
summarizes the characterization results. Figs. 4(a) and 4(b) show the
optically measured vibration amplitude of the device in air and moder-
ate vacuum (P =800 mTorr) conditions, respectively. The device is
actuated by the application of a stroboscopic sinusoidal input signal to

15

ARTICLE scitation.org/journal/apl

the top TiN electrode, and the time-domain vibration responses are
captured optically using a synchronized holographic microscope
[Figs. 4(a) and 4(b)]. For the same stroboscopic time-frequency
interrogation setup, the broader vibration amplitude envelope
around the resonance frequency and the lower vibration amplitude
in air [Fig. 4(a)] compared to the response under moderate vacuum
conditions [Fig. 4(b)] exhibit air-damping as the dominant dissipa-
tive process in mechanical resonance dynamics. This is also evident
in the extracted frequency responses in air and moderate vacuum
[Figs. 4(c) and 4(d)], showing over two orders of magnitude
increase in Q, from ~15 (in air) to ~2330 at 800 mTorr ambient
pressures. The pressure dependence of the resonance frequency is
also evident with ~6% upward drift in the resonance frequency
from 183 kHz in air to 195 kHz at 800 mTorr pressure. Figure 4(e)
shows an all-electrical 2-port transmission response of the device
measured using a network analyzer demonstrating a Q of ~3300 at
10~ 7 Torr pressure. The device performance can be significantly
improved by opting for a highly conductive electrode material,
improving electrode and probing configurations to further reduce
the resistive load, and enhancing electromechanical transduction
efficiency.

Finally, Fig. 4(f) summarizes the pressure dependence of the
nano-mechanical resonator Q over the pressure range of 107 Torr to
760 Torr. Air damping is a prominent energy dissipation mechanism
observed at such low frequencies of operation.'”'* With thicknesses
on the order of few tens of nanometers, the mean free path of the air
molecules is much higher than the device dimensions, and thus, its
collision with the vibrating device leads to significant energy dissipa-
tion."” The resulting air-damping Q is given by’
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FIG. 4. Captured out-of-plane vibrational amplitude of the device (a) in air and (b) under 800 mTorr ambient pressures. Optically measured frequency response of the device
(c) in air showing @ Q769 7o ~ 15 while and (d) under 800 mTorr showing over two-orders of magnitude improvement to ~2330. (e) 2-port frequency measurement of the
device using a network analyzer shows a high-Q of 3300 measured at 10~ Torr resolved using the fitted Lorentzian function (red curve). (f) Quality-factor-pressure relation
shows a modified power law relation. The green line shows the Qj-gamping: limit while the blue line shows the intrinsic limit of ~3400 of the presented Hfy sZr 50, based MFM

nano-electro-mechanical resonator.
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where k, is a constant corresponding to the nth flexural resonance
mode,”" t,1,p,and E are the thickness, length, density, and elastic
modulus of the membrane, respectively, P is the pressure, and ky, is the
damping coefficient given by (32M /9nRT)"/?. Here, M is the mass of
the gas molecule, R is the gas constant, and T is the absolute tempera-
ture. With out-of-plane flexural mode resonance frequency for a dou-
bly clamped resonator proportional given by (fy o (¢/1)*(E/p)"/*),”*
Quir—damping in Eq. (1) is related to the resonance frequency and envi-
ronmental pressures as

ki’
Qair—dumping O(fOk Pp . (2)

Therefore, the overall Q can be formulated as”’

-1 -1 -1 -1 -1

Q = ( intrinsic + Qair—damping) = ( intrinsic + OCOP) ) (3)
where Qjinsic reflects the pressure-independent intrinsic dissipation
mechanisms and o is a constant related to the resonator physical
characteristics and ambient gas properties, according to Egs. (1) and
(2). Equation (3) is used to identify the Qyinsic of the nanomechanical
resonator through curve fitting [Fig. 4(f)]. The analytical curve,
according to the Eq. (3) formulation of Q, fits well to the measured
data, yielding a Q;yinsic of 3400. Such a large intrinsic Q is significantly
higher compared to the 2D-crystal nano-resonators and nano-
cantilevers with similar thickness.'”** >

In conclusion, this paper demonstrates the thinnest ever-
reported integrated nano-electro-mechanical resonator using a 10 nm-
thick ferroelectric Hfy 5Zry 50, film sandwiched between 10 nm-thick
top and bottom TiN electrodes. The device operates in the out-of-
plane flexural mode of vibration and demonstrates a high-Q of 3300 at
195 kHz, when measured at 10~ Torr pressure. The structural robust-
ness of the 30 nm-thick nano-membrane with an ultra-high planar-to-
vertical aspect ratio of 10*1 is verified through point-force deflection
characterization. The effect of air-damping on Q and resonance fre-
quency is studied across a wide range of pressure values highlighting a
modified power-law relationship between Q and pressure. A large
intrinsic Q of 3400 is extracted comparing the analytical formulation
and measured values. The extreme miniaturization capability to
atomic-level thicknesses, fully integrated operation, high-Q, and high
mechanical robustness highlights the potential of Hf,sZr,s0,-based
nano-electro-mechanical resonators to serve as the integrated trans-
ducer for chip-scale classical and quantum information processing
and sensing applications.

See the supplementary material for the fabrication process used
for the realization of the 30 nm-thick metal-ferroelectric-metal nano-
electro-mechanical membrane resonator discussed in this Letter.

The authors would like to thank Nicolas Rudawski for help
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